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He pressure counters and less moderator than TNMCs. A special insert raises efficiency to 80% for small samples. For five bulk samples containing 50 to 875 g of 240 Pu-effective, ENMC assay times are reduced by factors of 5 to 21, compared with prior state-of-theart TNMCs. The largest relative gains are for the most impure items, where gains are needed most. In active mode, the ENMC assay times are reduced by factors of 5 to 11, compared with the Active Well Coincidence Counter (AWCC). The ENMC, with high precision and low multiplicity dead time (37 ns), can be used in standards verification mode to precisely and accurately characterize plutonium standards and isotopic sources. The ENMC's performance is very competitive with calorimetry. This report describes the ENMC; presents results of characterization, calibration, and verification measurements; and shows the clear performance and economic advantages of implementing the ENMC for nuclear materials control and accountability. INTRODUCTION Thermal neutron multiplicity counters (TNMCs) are used in several US Department of Energy (DOE) facilities, for domestic material control and accountability (MC&A), and for International Atomic Energy Agency (IAEA) inspections. The same is true in Japan. TNMCs are also being implemented in Russian facilities for MC&A. A comprehensive review of US experience is Ref. 1 .
Occasionally, an item will be encountered where the ratio of (α,n) to spontaneous fission neutrons (the quantity "α") will be so high that TNMC multiplicity assay precision is degraded to the point that long count times are required for acceptable results. For a 1-kg plutonium item, precision worsens by a factor of ~20, for an α of 10, compared to an α of 1. Currently, the IAEA uses the Plutonium Scrap Multiplicity Counter (PSMC) 2 for inventory verifications at the Hanford Plutonium Finishing Plant (PFP). While the majority of PFP items are verified satisfactorily with the PSMC, the occasional item presents difficulties. For example, one item with 1311 g of plutonium and an α of 4.5 requires 2 h to reach a precision of 3%, or 18 h to reach 1% using the PSMC. Another 1350-g plutonium item with an α of 0.74 requires only 30 m to reach 1% in the PSMC. Another item with 879 g plutonium and an α of ~30 would require 30 h to reach 3% using the PSMC. This item would be best assayed by the ENMC (~1.5-h measurement time) or calorimetry (~8 h-measurement time). See, for example, Ref. 3 .
For active measurements of uranium, precision is limited by the accidental coincidences produced by the AmLi interrogation sources. Hence, the ENMC plays an important role for improving precision of active measurements, as well as passive.
As more US plutonium is placed under IAEA safeguards, more examples of precision limitations of TNMCs will occur. Also, more such examples will occur in Japan, Russia, and other nations.
II. PHYSICS DESIGN PRINCIPLE
It is well known that high detector efficiency (ε) and low-neutron die-away time (τ, the average time from neutron birth to detection) both quite significantly improve precision of multiplicity assays. 4, 5 Figure 1 shows results of Monte Carlo 6 simulations for two neutron multiplicity counter (NMC) designs, one using 4-atm 3 He counters (the standard, for many years) and one using 10-atm counters. These results led to a distinction between TNMCs, which detect primarily thermal neutrons after moderation by polyethylene (PE), and ENMCs, which detect, on the average, neutrons with higher energies than thermal (epithermal). ENMCs also use PE moderator, but less than TNMCs. 
III. ENMC AND ENMC/INVS DESIGN FEATURES
From the MCNP simulations, we built the ENMC using 10-atm 3 He proportional counters with optimum spacing in PE moderator. The basic ENMC design is shown in Fig. 2a . The ENMC groups 121 3 He counters into 27 channels, each with an AMPTEK preamplifier/amplifier/discriminator. A derandomizing buffer is also included in the detector electronics. The resulting multiplicity deadtime is only 36.8 ns.
Another, separate counter, the Inventory Sample counter (INVS) was designed and constructed to fit inside the ENMC sample chamber for assay of small inventory samples. 7 Figure  2b . is a schematic of the ENMC/INVS combination. The INVS insert groups 21 3 He counters into 3 channels, each with an AMPTEK preamplifier/amplifier/discriminator. A derandomizing buffer is not included in the INVS detector electronics. The resulting ENMC/INVS multiplicity deadtime is ~100 ns. This is quite acceptable for the low count rate applications of the ENMC/INVS. Table I gives the General Electric Reuter-Stokes 3 He proportional counter specifications for the present detector systems. 
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IV. ENMC AND ENMC/INVS CHARACTERIZATION AND CALIBRATION PARAMETERS
Initial ENMC parameters were measured using NIST-calibrated 252 Cf sources. 8 Monte Carlo simulations were used to adjust the measured 252 Cf spontaneous-fission neutron-detection efficiency to that for 240 Pu. A final, small adjustment (to the triples gate fraction) was made using a single Los Alamos pure plutonium oxide working reference material (WRM). This WRM is ~1 kg of oxide. Table II gives the measured ENMC and ENMC/INVS parameters along with those for the high-level neutron coincidence counter (HLNCC) 9 , the HLNCC10 (HLNCC with 10-atm 3 He tubes), the AWCC, 10 the 3-ring multiplicity counter (3RMC), 11,12 and the PSMC. *sufficient for assay -calibration curves are not required.
V. ENMC VERIFICATION RESULTS -PRECISION
We chose five plutonium oxide items (WRMs) for comparing the passive-neutronmultiplicity assay (PNMA) precision performance of the first six detectors in Table II . These WRMs span a wide range of plutonium mass and α. They are described in Table III. 6 For each of the first six detectors in Table II , and each WRM in Table III , count times (minutes) required for 1% PNMA precision are reported in Table IV . Table IV data result from a combination of measurements, using multiple runs and sample standard deviations for precision, and a figure-of-merit (FOM) code. 5 Only relative FOM values were used. Results are better than expected compared with preliminary FOM estimates. PSMC/ENMC count time ratios vary from 4.6 to 21 for the WRMs chosen. The PSMC is commercially available, as is the AWCC, which is used as a passive multiplicity counter in some facilities (e.g., in Russia). AWCC/ENMC passive count time ratios vary from 10 to 70 for the WRMs chosen.
Count time to a fixed precision for a range of items is only one measure of the merit of a nondestructive assay (NDA) system. NDA system cost, useful life, load factor, facility-countroom operating cost, productive time per shift, and time required for item movement should also be considered. Table V gives an item throughput/cost index for the following detector systems: ENMC, PSMC, 3RMC, AWCC, HLNCC10, and HLNCC. We define the item throughput index as the number of items measurable in one eight-hour shift, divided by the sum of the system cost (prorated over the useful life, times the load factor) and the count-room operating cost per shift, for each of the WRMs defined in Table III . Table V shows the clear superiority of the ENMC for a wide range of plutonium items including the count time for 1% precision, item transfer time, detector system, and facility operating costs as compared with five other detectors. The rank order of the throughput/cost index is the reverse of the system-cost order. The maximum throughput per unit cost is obtained from the system with the best performance -the ENMC. ENMC/PSMC and ENMC/AWCC index ratios are given because the PSMC and AWCC are available commercially, and used often as multiplicity counters.
Note the ENMC yields the largest gain for the most difficult-to-measure item (Hanford PFP # 41-86-03-240), exactly where the gain is needed most. For this item, a six-hour run becomes a 17-min run.
From February to July 1999, The ENMC and the ENMC/INVS were used for verification assays of a wide variety of Los Alamos plutonium WRMs. ENMC/INVS results will be reported in a later section.
Results for ENMC PNMA precisions are shown in Fig. 3 . Ninety-four measurements of 45 Los Alamos WRMs are represented. Figure 3 shows that for most measurements, the ENMC half-hour measurement precision is less than 0.5%. The complete range is from 0.15% for a 60-g plutonium LAO WRM (pure oxide), to ~4% for a 10-g WRM (very impure oxide). The plutonium mass range in Fig. 3 is 0.7 g to 1451 g, with α varying from 0.1 to 12.
Another series of measurements was carried out to further evaluate the performance of the ENMC. These measurements were made on a set of WRMs prepared for the NDA system designed for the product end of the Advanced Recovery and Integrated Extraction System (ARIES). 13 These standards are all pure plutonium oxide except the first two, which have diatomaceous earth added. These WRMs are described in Table VI . This set of standards were measured in the ENMC and the ARIES counter, whose performance characteristics are very similar to the PSMC. Results of these measurements are given in Table VII . The ENMC precisions are all 0.25%. The ARIES measurements were nearly all 1800 s. As Table VII shows the count-time reduction factor (ARIES/ENMC) varies between 5.5 and 12.6. ENMC measurements were also made on ten ARIES product cans and the counttime reduction factor determined was 10.9, compared to the present ARIES counter, for 9 multiplicity assays. These results include the factor-of-two reduction in count time given by the Advanced Multiplicity Shift Register (AMSR). 14, 15 These results have important implications for enhancing the throughput of the ARIES facility. 
VI. ENMC VERIFICATION RESULTS -ACCURACY
Results of ENMC PNMAs to date are shown in Figs. 4a and 4b . From the data of Figs. 4a and 4b, the mean bias, 1-σ standard deviation, and 1-σ precision for these measurements are +0.6, 1.7, and 0.5% respectively, compared with book WRM values. The plutonium mass range represented in Fig. 4 is 0.7 g to 1451 g, five orders of magnitude using the same set of calibration parameters given in Table II . The impurity parameter α varies from 0.1 to 12. Two mixed uranium-plutonium oxide (MOX) items are included in this data set. These data have not been corrected for neutron energy variations, although, for most measurements, the ratio of singles counts from the inner and outer rings of 3 He counters was measured. This ring ratio can be used in the dual-energy model for passive neutron multiplicity counting. 16 This correction will be evaluated in the future for the ENMC and ENMC/INVS. In all cases, weighing, sampling, and chemical analysis are the bases for plutonium/americum isotopics and plutonium-mass declarations. 
Fig. 4b. ENMC passive neutron multiplicity assay minus book values versus book values for 94 measurements of 45 LANL WRMs; count times were variable.
VII. ENMC STANDARDS VERIFICATION MODE
The performance of the ENMC is good enough to be used in standards verification mode. To illustrate this, Table VIII gives PNMA results of 33 assays of 19 pure and lightly impure plutonium oxides. In Table VIII , plutonium masses range from 20 to 1451 g. Alpha varies from ~0.4 to ~1.1. These WRMs have been used for NDA calibration and training for many years. They have been studied extensively, and their pedigrees are very good. Their book values were all determined originally by weighing, sampling and chemical analyses. Their documentation is very good. Some of the measurements were taken in training courses, where we made off-normal measurements, e.g., shaking an item to change density, stacking items, and putting an item at the bottom of the sample well. From the data of Table VIII, the mean bias, 1-σ standard deviation, and 1-σ precision for these WRM measurements are +0.19, 0.56, and 0.37 %, respectively, compared with book WRM values. These results compare quite favorably with calorimetry. Various count times were 13 used for these measurements. If all items had been counted long enough to reach 0.2% precision on the plutonium mass assay, count times would have varied from only ~20 to ~100 min. This set of measurements would satisfy the IAEA criterion for "bias-defect" detection (≤1% combined systematic and random error) , which is usually satisfied only by weighing, sampling, and chemical analyses.
VIII. ENMC/INVS VERIFICATION RESULTS -PRECISION
We chose one metal and seven plutonium oxide items (WRMs) for determining the passive-neutron-multiplicity assay (PNMA) precision performance of the ENMC/INVS. They are described in Table IX . PNMA assays were measured for all the WRMs in Table IX and for the STDISOs in combination. These assays had variable count times to achieve precisions from 0.1 to 1%. These data were converted to relative standard deviation (RSD) precisions that would be obtained in a 1-hour count time. The measured results are plotted in Fig. 5 along with those predicted by FOM. 5 Precisions predicted by the FOM calculations are uniformly lower than those of the measurements, but agree to within ~40-50%. Figure 5 shows that 0.2% precision is achievable for a wide range of 240 Pu eff mass in only 1 hour of counting. This precision performance is comparable to calorimetry, in a much shorter time. 
IX. ENMC/INVS VERIFICATION RESULTS -ACCURACY
Results of ENMC/INVS PNMA measurements are shown in Table X and Figs. 6a and 6b. Twenty measurements of the eight WRMs described in Table IX are represented. Count times are variable. The calibration parameters in Table II were used for all assays. These results are excellent, and compare quite favorably with calorimetry. They indicate that the ENMC/INVS can play a pivotal role for on-site laboratories, reducing measurement times and the considerable expense of item sampling and chemical analyses. 
X. ACTIVE ENMC
Monte Carlo simulations 6 were conducted to optimize performance of the ENMC for active measurements of fissile mass, primarily 235 U. Combinations of polyethylene, graphite, nickel and aluminum were considered, but the best performance was indicated for pure polyethylene. We fabricated polyethylene end plugs for the sample cavity based on the Monte Carlo simulations. The nominal configuration of the end plugs is shown in Fig. 7 
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Fig. 7. Configuration of the active-mode ENMC
Series of active-fast-mode measurements were carried out to compare performance of the ENMC with the AWCC. 10 The AmLi sources MRC-115 and MRC-116 17 were used for these measurements. The UISO series of uranium oxide enrichment standards were counted in both systems, using the same cavity height. The data are shown in Table XI . Table XII . These results agree to within a factor of two. However, the ENMC measurements were made with an AMSR 14, 15 while the AWCC measurements were made with a conventional shift register (CSR). The AMSR gives a factor of 1.41 lower precision than the CSR for these measurements. Therefore, the count-time factors for the FOM code and measured values are not directly comparable. The FOM factors should be increased by a factor of two. This leaves the RSD values for the AWCC still within a factor of two and the RSD values for the ENMC in good agreement. The relative count-time reduction factors are overpredicted by the FOM code by more than a factor of two, compared with the measured values. The FOM-code calculations used an ENMC fission-neutron-detection efficiency of 60%, whereas the MCNP simulations predict a value of 55%. Also, FOM used an ENMC AmLineutron-detection efficiency of 16% compared with a measured value of 29%. These differences can explain the differences in ENMC relative to AWCC precision performance. Figure 8 shows the calibration curves for the ENMC and AWCC measurements described above. Error bars are smaller than the plotted points. 
XI. CONCLUSIONS
The ENMC is the first of a new generation of neutron coincidence and multiplicity counters. It has unprecedented performance compared with previous designs. The underlying physics principles apply to all existing neutron coincidence and multiplicity counters, both active for uranium and passive for plutonium. For the first time, it may be possible to perform passive neutron multiplicity measurements of some large uranium items, e.g., light-water reactor freshfuel assemblies (the neutron coincidence collar 17 ). Passive measurements of these large uranium items (especially LEU), would not require as many physical standards as active measurements and be much less susceptible to item bulk density, 235 U enrichment variations and burnable poisons. The new SuperHENC 19 standard-waste-box counter for Waste Isolation Pilot Plant certification uses the same physics principles, and will improve assay sensitivity by an order of magnitude. Commercial variants of the ENMC concept are already being developed.
We've built active endplugs (with AmLi sources) for the ENMC to assay 235 U. Large gains in precision are obtained because all active neutron coincidence assays are dominated by accidental coincidences, and the ENMC is much less affected by accidental coincidences than TNMCs.
We are interested in working with industrial partners to commercialize this technology.
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And finally, fitted with an AMSR 14,15 count times for the ENMC and all other neutron coincidence and multiplicity counters will be reduced by an additional factor of two, except for some small items.
